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• A corn stalk extract was modiﬁed by 2,3-epoxypropanesulfonic acid sodium.
• The sulfonated derivative(PS-NAEP) was employed as an antiscalant and dispersant.
• The scale inhibition efﬁciency of PS-NAEP was high against calcium sulfate.
• Special dispersion to ferric-oxide was apparent.⁎ Corresponding author. Tel.: +86 022 6020 0441.
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DispersityA botanical hetero-polysaccharide sulfonated salt was prepared with hetero-polysaccharide extracted from
abandoned corn stalks and cheap starting materials such as epichlorohydrin, and sodium bisulﬁte commercially
available. The structures were characterized by FT-IR and 1H-NMR. Then, the novel sulfonated botanical hetero-
polysaccharide derivative (PS-NAEP) was employed as an anti-scaling and dispersing agent. Its scale inhibition
performance was evaluated by static test against calcium sulfate and calcium phosphate scaling while the
dispersity test was performed for ferric oxide. The impact factors of scale inhibition performance such as agent
concentration, pH value, total hardness and temperature, were investigated. The experimental results demon-
strated that scale inhibition efﬁciency of PS-NAEP was close to 95% top against calcium sulfate and 55% against
calcium phosphate in the simulation experiment. Scanning electron microscope (SEM) and X ray diffraction
(XRD) analysis were also utilized to characterize morphology and crystal form of calcium sulfate and calcium
phosphate scale. It appears that the higher scale inhibition efﬁciency and the worse distortion of the crystal
form of calcium sulfate and calcium phosphate are all due to PS-NAEP. Moreover, special dispersion to ferric
oxide was studied through observation of light transmittance of the dispersing solution, which suggested PS-
NAEP was an effective dispersant.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-SA license.1. Introduction
In recent decades, polysaccharides isolated from botanical sources
(bamboo, grass, corn stalks, sorghum stalks, etc.) had attracted a great
deal of attention in energy reuse because of their broad spectrum of
chemical properties and relatively low toxicity [1]. Additionally,).
. Open access under CC BY-NC-SA license.polysaccharides whose structure contained many active groups such
as hydroxyl, amino and carbonyl had the advantages of chemical modi-
ﬁcation. The corresponding studies provided lots of available experi-
ment and application for hetero-polysaccharides. Especially, many
sulfonation and carboxymethyl modiﬁcation were reported in litera-
tures [2,3], which implied that polysaccharide modiﬁcation was avail-
able and successful.
Since the sulfonated polymers, ﬁrst developed by Calgon Corps. of
US, have good performances not only in scaling inhibition against calci-
um carbohydrate, calcium sulfate and calciumphosphate but also in dis-
persing clay, ferric oxide, silicate and other suspended particles in
water, the sulfonated functional groups became attractive. In this re-
spect, sulfated derivatives of polysaccharides have been reported for
Scheme 1. The synthesis of PS-NAEP.
56 H. Zhang et al. / Desalination 326 (2013) 55–61their various chemical and biological activities. For example, sulfonated
cellulosewas reported to be used as ﬂocculant [4], anticoagulant [5], ad-
sorbent [6] and anti-adipogenic effect [7].
Scale on heat transfer surfacewidely occurred in numerous industri-
al processeswhennaturalwaterwasused as thermalﬂuid [8]. The dam-
age and therein resulting problems greatly impaired the normal
industrial processes, especially corrosion caused under the scale when
various equipments and facilities in coolingwater systemsweremainly
made of ocean carbon steels and stainless steels. Deposit formationmay
cause severe corrosion and deteriorate conditions of the heat exchange
[9]. Besides, although the synthesized polymer scale inhibitor and
phosphorus-containing scale inhibitor were highly efﬁcient as a scale
inhibitor, they really had some fatal ﬂaw such as difﬁcult biodegrada-
tion in the water and eutrophication of the phosphorus-containing
scale inhibitor [10]. Therefore, the research using natural products and
their modiﬁed derivatives as biodegradable and eco-friendly scale in-
hibitors brought great development.
In this report, a novel sulfonated hetero-polysaccharide derivative
(PS-NAEP) was prepared by 2,3-epoxypropanesulfonic acid sodium
modiﬁcation. PS-NAEP was characterized by infrared spectroscopy (IR)
andnuclearmagnetic resonance (NMR). The performance of scale inhibi-
tion and dispersity were determined under different conditions by static
tests or transmittance observation. Themechanismwas studied through
determining the morphology and crystal structure by scanning electron
microscopy (SEM) and X-ray diffractometer (XRD), respectively.34
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Fig. 1. FT-IR spectra of2. Experimental section
2.1. Instruments and agents
The instruments used in the present research included a BUCHI-R200
rotary evaporator from BUCHI in Switzerland, a TENSOR 27 Fourier
Transform Infrared Spectrometer (FT-IR) from Bruker in German, an
AVANCE 400 Pulse Fourier Transform Ultrashield Nuclear Magnetic Res-
onance Spectrometer (PFT-NMR) from Bruker in Switzerland, a precise
pHs-3C meter and a 722-spectrophotometer from Shanghai LEI-CI in
China, a D/max 2200PC X-ray diffractometer (XRD) and an S-4800 ﬁeld
emission scanning electron microscope (SEM) from HITACH in Japan.
The chemicals used in this paper included analytical grade epichlorohy-
drin and sodiumhydrogensulﬁte supplied by the third Chemical Reagent
Company of Tianjin in China, except for hetero-polysaccharides powder
extracted by demonized water. Ammonium chloride buffer solutions
(0.1 mol/L) were prepared by adding an appropriate amount of ammo-
nia to ammonium chloride solutions to obtain solutions of pH 7.0. A bo-
rate buffer solution (0.01 mol/L) was prepared to result in pH 9.0.
2.2. Polysaccharides' extraction
The corn stalks were obtained from north plain area in China, and
repeatedly extracted with distilled water at 90 °C for twice or three
times. The extraction was concentrated by a BUCHI rotation vapor16
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Fig. 2. The scale inhibition of PS-NAEP for different scale components.
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Fig. 4. The inﬂuence of total hardness on calcium sulfate scale inhibition.
57H. Zhang et al. / Desalination 326 (2013) 55–61with−0.1 M Pa, then absolute ethanol was added until 95% of etha-
nol solution is formed. After centrifugation, the polysaccharide parti-
cles were precipitated and washed sequentially with absolute
ethanol, and acetone and ether, were dried in vacuum to yield the
crude polysaccharide named PS.2.3. Preparation of polysaccharide derivative
The sulfonated polysaccharide derivative (PS-NAEP) was prepared
as following (Scheme 1) and the modiﬁed conditions were based on
our preparative experiments. In brief, 0.62 mol sodiumhydrogen sulﬁte
was contained in ﬂask and was added with 130 mL deionized water,
stirring tomake themas solution.When the temperature of the reaction
system arrived at 70 °C, 0.54 mol epichlorohydrin was added dropwise
within a period of 2 h. Then the temperaturewas raised to 85 °C and the
reaction was carried out for 1.5 h under reﬂuxing. The product was
achieved through recrystallization three times. Then the resultant was
added 3.7 mol/L Na3PO4 solutions, reacting at 55 °C for 4 h. Thus, 2,3-
epoxyallylsulfonate sodium was obtained. 2.0 g hetero-polysaccharide
solid powder extracted from corn stalks was mixed with 8.0 g 2,3-
epoxyallylsulfonate sodium. The reaction mixture was adjusted to
pH 8.0 by adding 1:1 (v/v) HCl or 5% NaOH aqueous solution. The reac-
tion continued for another 24 h, and the product was precipitated with
addition of ethanol. Then the product was ﬁltrated, repeatedly washing
by absolute ethanol and acetone, and then dried under vacuum at 60 °C
for 48 h.a b
Fig. 3. The real picture of calcium sulfate scale inhibition: a) in absence of PS-NAEP; b) in
presence of PS-NAEP.2.4. Degree of substitute (DS) determination
The sulfur content (S %) in the sulfonated derivative was tested
according to the method of barium sulfate turbidity. The degree of DS,
designated as the average number of O-sulfonate groups per residue,
was calculated from the sulfur content by the following formula [11]:
DS ¼ 1:62 S%
32−1:02 S% : ð1Þ
2.5. FT-IR analysis
One milligram of dry PS-NAEP was mixed with 100 mg of dry KBr
and pressed into a disk for spectrum recording. The Fourier transform
IR spectra (FT-IR) was recorded on a TENSOR 27 FT-IR spectrophotom-
eter between 4000 cm−1 and 400 cm−1 with the resolution of 4 cm−1
for 32 times.
2.6. Evaluation of scale inhibition performance against CaSO4 and
Ca3(PO4)2 scale
In this experiment, the effectiveness of PS-NAEP against calcium sul-
fate precipitationwas determined according to the China National Stan-
dard (GB/T 16632-2008) by the static scale inhibition test under
different conditions, taking CaCl2 and Na2SO4 solid sample to prepare
experiment water of n(Ca2+) = n(SO42−). The specimens were heated100 150 200 250 300 350
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Fig. 5. The inﬂuence of pH on calcium sulfate scale inhibition.
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Fig. 6. The inﬂuence of temperature on calcium sulfate scale inhibition.
58 H. Zhang et al. / Desalination 326 (2013) 55–61at 60 °C for10 h in water bath. Then, they were cooled to room temper-
ature. The remaining Ca2+ in the supernatant was titrated by EDTA
standard solution and comparedwith blank test. The scale inhibition ef-
ﬁciency of PS-NAEP against CaSO4 scale was calculated as formula (2)
[12]
nCaSO4 ¼
C2−C1
C0−C1
 100% ð2Þ
where C0 (mg/L) was an original Ca2+ concentration before the test, C1
was a ﬁnal Ca2+ concentration in the absence of PS-NAEP, and C2 was a
ﬁnal Ca2+ concentration in the presence of PS-NAEP.
A solution containing 250 mg/L Ca2+ and 5 mg/L PO43− was pre-
pared without and within a known amount of PS-NAEP in a volumetric
ﬂask (capacity 1 L). The pH value of resultant solution was adjusted to
9.0 with borax. Then the solution was evenly reacted in a water bath
at 50 °C for 10 h. At the end of the reaction, the mixed solution was
cooled to room temperature and centrifugally separated. The content
of PO43− in the supernatant was measured with a spectrophotometer
(710 nm, 1 cm cuvette; in relation to distilled water) [13]. The inhibi-
tion efﬁciency of PS-NAEP against Ca3(PO4)2 scaling was calculated as
(2).
2.7. Ability of PS-NAEP to disperse ferric oxide
A solution containing 150 mg/L Ca2+ and 10 mg/L Fe2+ was pre-
pared. The pH value of the solution was adjusted to 9.0 with borax.
Then the solution was evenly mixed with a known amount of PS-NAEP.0 100 200 300 400
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Fig. 7. The effect of PS-NAEP concentration on ferric oxide dispersancy.Resultant mixed solution was stirring for 15 min and heated at 50 °C
for 5 h before being cooled to room temperature and centrifugally sepa-
rated. The transmittance of the supernatant was measured with a 722-
spectrophotometer (710 nm, 1 cm cuvette; in relation to distilled
water); and it was supposed that a smaller light transmittance referred
to a better dispersion ability of PS-NAEP.
3. Results and discussion
3.1. 1H-NMR characterization
An AVANCE 400 Nuclear Magnetic Resonance Spectrometer (NMR)
was used to characterize the chemical structure of molecules. The
NMR data were acquired as the following and the chemical molecule
structures were deduced as expected:
3-chloro-2-hydroxy-propyl sulfonic sodium (1H-NMR, 400 MHz,
D2O/10−6): δ 4.39 ~ 4.24(m; CHOH), 3.72 (ddd; 17.1 Hz, 11.7 Hz,
4.6 Hz; CH2Cl), 3.14 (ddd; 21.3 Hz, 14.4 Hz, 6.0 Hz; CH2SO3Na)
2, 3-epoxypropylsulfonic sodium (1H-NMR, 400 MHz, D2O/10−6): δ
4.29 ~ 4.05 (m; OCHCH2), 3.96 ~ 3.46 (m; CH2OCH), 3.17 ~ 2.93 (m;
CH2SO3Na).
3.2. FT-IR analysis of PS-NAEP
Using the TENSOR 27 infrared spectrometer supplied by Bruker in
Germany, the infrared spectrogram of PS-NAEP was measured as
Fig. 1. It was shown that there were characteristic absorption peaks of
3423.6 cm−1 (\OH), 1667 cm−1 (\COONa), 1447 cm−1 (CH2),
1308 cm−1(\COOH), 1250 cm−1 ~ 1200 cm−1 (S_O), 1170 cm−1
(C\O\C), 1100 cm−1 ~ 1000 cm−1 (C\O) and 881 cm−1 (C\S\O)
[14–16]. These groups were contained in PS-NAEP and the degree of
sulfonated group was determined as 1.84 by the method in
Section 2.4. These groups were expected to enhance scaling inhibition
and dispersion performance toward suspended particles.
PS-NAEP
3.3. Different scale component
The effect of PS-NAEP dosage on calcium sulfate and calcium phos-
phate scale inhibition efﬁciency was presented in Fig. 2. It was shown
that the sulfonated modiﬁcation was efﬁcient. We can ﬁnd the obvious
improvement aftermodiﬁcation. Also, calcium sulfate scale inhibition in-
creases dramatically with PS-NAEP dosage increasing from 20.0 mg/L to
160.0 mg/L, but the ratio ﬂuctuated within a range of 90% to 95% when
the PS-NAEP dosage increased from 160.0 mg/L to 320.0 mg/L, which
means the best addition is 160.0 mg/L. Meanwhile, the calcium phos-
phate scale inhibition efﬁciency kept stable under different dosage of
PS-NAEP and the scale inhibition is 55% to 60%with the PS-NAEP dosage
varied from 30.0 mg/L to 240.0 mg/L. The results suggest that PS-NAEP
displays a better inhibition for calcium sulfate than that for calcium
phosphate, which conﬁrms by a real picture of calcium sulfate scale inhi-
bition in Fig. 3.
3.4. Effect of total hardness
The feeding concentration of PS-NAEPwas 160.0 mg/L and the tem-
perature and pH value of the scale inhibition system was 60 °C and
pH 7.0, respectively. The inﬂuencing rules of total hardness on the
scale inhibition using PS-NAEP were conducted in this experiment and
the results were shown in Fig. 4.
The experimental results of Fig. 4 showed that the scale inhibition
rate of the PS-NAEP gradually decreased with the increase in total hard-
ness. The decreasing trend of scale inhibition is easy to understand that
total hardness is an essential factor on scale inhibition test.What should
59H. Zhang et al. / Desalination 326 (2013) 55–61be emphasized is that the PS-NAEP scale inhibition is higher than 40%
even when the total hardness value is close to 6400.0 mg/L.
3.5. Effect of pH
The experiments studied the inﬂuencing rules of pH value on the
scale inhibition by PS-NAEP when the total hardness value was
5500.0 mg/L. Please refer to the results in Fig. 5.
Fig. 5 showed that scale inhibition under two different pH values
with the rising addition of PS-NAEP. Althoughwe all knew that with in-
crease of pH, the OH− concentration increases and the equilibrium be-
tween OH− and H+ breaks up, which should lead to the decrease of
[H+] [10], the direct result is that calcium sulfate precipitation forms
easily and the scale inhibition declines. However, when we used the
PS-NAEP as anti-scalant, the highest scale inhibition can still reach at
85% top and the lowest scale inhibition also stand at 60% above, which
suggests that the pH arrange of 7.0 ~ 9.0 is available. The real reason
for the fact is not very clear, but the best explanation can be due to
sulfonated group and the hetero-polysaccharides molecule form a spe-
cial stereochemistry frame for chelating Ca2+.
3.6. Effect of temperature
The experimentswere to study the patterns of how temperature and
inhibitor dosage affected the scale inhibition performance when taking
PS-NAEP as scale inhibitor, and setting the pH of thewater sample to 7.0
and the total hardness to 5500.0 mg/L (counted by CaSO4). Results are
shown in Fig. 6.
Fig. 6 showed the inﬂuence of temperature on scale inhibition rate
against CaSO4 scale under different PS-NAEP addition. We can see the
temperature had little impact on scale inhibition rate of PS-NAEP at
25 °C to 80 °C though when the dosage of PS-NAEP was not enough,
the inhibition rate slightly declines. This can be ascribed that calciuma
c
Fig. 8. SEMmicrographs of CaSO4 formed in the solution for 10 h a) in the absence of PS-NAEP
NAEP, d) in the presence of 200.0 mg/L PS-NAEP.sulfate crystal is easy to produce when the temperature went up with
a lower PS-NAEP concentration.
3.7. Ability of PS-NAEP to disperse ferric oxide
Fig. 7 showed the transmittance of the tested solutions vs. concentra-
tion of PS-NAEP. It can be seen that PS-NAEP has excellent dispersion ca-
pacity for ferric oxide. Namely, the light transmittance of the test solution
was sharply decreasing with increasing concentration of PS-NAEP up to
160.0 mg/L, corresponding to dispersion efﬁciency to Fe2O3. The best dis-
persion efﬁciency to Fe2O3 is reached topwhen 200.0 mg/L of PS-NAEP is
introduced into the test solution, corresponding to 48.1% of light trans-
mittance. At a concentration range of 100.0 mg/L ~ 200.0 mg/L, the dis-
persion capacity to Fe2O3 varies apparently for PS-NAEP; and its
dispersion capacity to Fe2O3 tends to constant to someextentwith the in-
crease of dosage from200.0 mg/L to 400.0 mg/L. This is because PS-NAEP
contains sulfonic groups and hetero-polysaccharide rings with a high
density of O and S electron cloud and is able to coordinate with metal
ions to generate stable complex, thereby preventing ferric oxide from
precipitation. Moreover, the hydrophilic sulfonic group in PS-NAEP is
also favorable for dispersion of ferric oxide [17].
3.8. SEM observation
The CaSO4 and Ca3(PO4)2 scale deposits were observed by means of
a scanning electron microscope (SEM). As shown in Fig. 8, without PS-
NAEP, CaSO4 deposits showed plate-like and needle like crystals struc-
ture with regular shape and glossy surface [18], and Ca3(PO4)2 deposits
showed cube structure as well (Fig. 8 (a) and (c)). On the other hand,
when PS-NAEPwas added to the solution, CaSO4 andCa3(PO4)2 deposits
showed dispersion and cascade patterns with ﬂoppy accumulation [19]
(Fig. 8 (b) and (d)), because the crystal growth habits of CaSO4 and
Ca3(PO4)2 are blocked by the PS-NAEP, and irregular shapes (ﬂowerb
d
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Fig. 9. XRD spectra of calcium sulfate and calcium phosphate scale formed in the solution for 10 h a) in the absence of PS-NAEP, b) in the presence of 160.0 mg/L PS-NAEP; and Ca3(PO4)3
for 5 h c) in the absence of PS-NAEP, d) in the presence of 200.0 mg/L PS-NAEP.
60 H. Zhang et al. / Desalination 326 (2013) 55–61and cascade) appear. Consequently, the scale is ﬂoppy and can be re-
moved easily.
3.9. XRD analysis
Characterization of scale crystals was carried out by XRD for further
understanding the mechanism of scale inhibition. Fig. 9 showed the
XRD patterns of precipitated scale products in absence and presence
of inhibitors. Tables 1–2 showed the lattice parameters (‘d’ and ‘θ’)
obtained from the XRD of scale products obtained from scale inhibition
tests [20]. It could be seen that‘d’ and ‘θ’ values are not exactly the same,
indicating difference in precipitation behavior with and without inhibi-
tor. Some peaks are broadened to some extent, which implies the sur-
face morphology and particle size were changed in the presence of PS-
NAEP. The values of I/Io indicate some preferring direction in crystal
growth are changed [19,21]. The introduction of PS-NAEP disturbed
crystal orientation and direction of scaling crystal and resulted in imper-
fection, bad-deﬁned structure and lattice distortion. Moreover, some
additional peaks, despite of very low intensities, were recognized from
other crystalline except CaSO4 2H2O or Ca2(PO4) and amorphousTable 1
2θ, d and I/Io values for blank and inhibited CaSO4 crystals.
Calcium sulfate-blank Calcium sulfate-PS-NAEP
2θ D I/Io 2θ d I/Io
12.223 7.2353 100 12.127 7.2923 100
21.305 4.1670 34 21.119 4.2032 41
23.964 3.7013 42 23.831 3.7308 33
29.676 3.0079 39 29.467 3.0287 18phase. It may be just for such above changes that cause the structures
of calcium sulfate and phosphate to become loose and prevent forma-
tion of a dense layer of scaling, which, in turn, prevents deposition.
4. Conclusion
The sulfonated botanical hetero-polysaccharide derivative (PS-
NAEP) was successful to be prepared by oxiranemethane sulfonic acid
sodium salt modiﬁcation for botanical hetero-polysaccharide extracted
from corn stalks. PS-NAEP was employed as an antiscalant and disper-
sant. Its scale inhibition performances and dispersion was evaluated by
static antiscale test to different scaling components and by transmittance
observation in ferric oxide dispersion, respectively. The results suggest
PS-NAEPwas an excellent scale inhibitor and dispersant against calcium
sulfate and dispersant against ferric oxide. The inhibition to calcium sul-
fate scaling reached top at 95% whilst inhibition to calcium phosphate
scaling being only 55% with a PS-NAEP addition of 160.0 mg/L, a total
hardness of 5500.0 mg/L at pH 7.0 and 60 °C.Moreover, the sharp falling2θ, d and I/Io values for blank and inhibited Ca3(PO4)2 crystals.
Calcium phosphate -blank Calcium phosphate -PS-NAEP
2θ d I/Io 2θ D I/Io
21.155 3.8381 18 23.011 3.8618 19
29.522 3.0232 100 29.465 3.029 100
36.137 2.4836 14 36.057 2.4889 19
39.615 2.2731 28 39.504 2.2793 28
43.342 2.0859 21 43.375 2.0844 24
47.52 1.9118 32 47.428 1.9153 34
48.669 1.8693 29 48.602 1.8718 27
61H. Zhang et al. / Desalination 326 (2013) 55–61in transmittance from93.0% to 57.0%was recordedwhen a PS-NAEPdos-
age of 150 mg/L was applied and this meant that PS-NAEP was an effec-
tive dispersant. The scale inhibiting and dispersing mechanism of PS-
NAEPwas studied by SEMandXRDwhich turned out to interpret the lat-
tice distortion and make the crystal present dispersed and suspended
easily.References
[1] I.A. Schepetkin, M.T. Quinn, Botanical polysaccharides: macrophage immuno-
modulation and therapeutic potential, Int. Immunopharmacol. 6 (3) (2006)
317–333.
[2] X.W. Peng, J.L. Ren, L.X. Zhong, X.F. Cao, R.C. Sun, Microwave-induced synthesis of
carboxymethyl hemicelluloses and their rheological properties, J. Agric. Food
Chem. 59 (2) (2011) 570–576.
[3] W. Shen, S. Chen, S. Shi, X. Li, X. Zhang, W. Hu, H. Wang, Adsorption of Cu(II) and
Pb(II) onto diethylenetriamine-bacterial cellulose, Carbohydr. Polym. 75 (1)
(2009) 110–114.
[4] A. Sand, M. Yadav, K. Behari, Preparation and characterization of modiﬁed sodium
carboxymethyl cellulose via free radical graft copolymerization of vinyl sulfonic
acid in aqueous media, Carbohydr. Polym. 81 (1) (2010) 97–103.
[5] Z.M. Wang, L. Li, K.J. Xiao, J.Y. Wu, Homogeneous sulfation of bagasse cellulose in an
ionic liquid andanticoagulation activity, Bioresour. Technol. 100 (4) (2009)1687–1690.
[6] Z. Reddad, C. Gérente, Y. Andrès, J.-F. Thibault, P. Le Cloirec, Cadmium and lead
adsorption by a natural polysaccharide in MF membrane reactor: experimental
analysis and modelling, Water Res. 37 (16) (2003) 3983–3991.
[7] F. Karadeniz, M.Z. Karagozlu, S.-Y. Pyun, S.-K. Kim, Sulfation of chitosan oligomers
enhances their anti-adipogenic effect in 3 T3-L1 adipocytes, Carbohydr. Polym. 86
(2) (2011) 666–671.
[8] Y. Xu, B. Zhang, L. Zhao, Y. Cui, Synthesis of polyaspartic acid/5-aminoorotic acid
graft copolymer and evaluation of its scale inhibition and corrosion inhibition per-
formance, Desalination 311 (2013) 156–161.[9] R. Touir, N. Dkhireche, M. Ebn Touhami, M. Lakhrissi, B. Lakhrissi, M. Sfaira, Corro-
sion and scale processes and their inhibition in simulated cooling water systems
by monosaccharides derivatives, Desalination 249 (3) (2009) 922–928.
[10] X. Qiang, Z. Sheng, H. Zhang, Study on scale inhibition performances and interaction
mechanism of modiﬁed collagen, Desalination 309 (2013) 237–242.
[11] Z.Y. Zhu, Y. Liu, C.L. Si, J. Yuan, Q. Lv, Y.Y. Li, G.L. Dong, A.J. Liu, Y.M. Zhang, Sulfated
modiﬁcation of the polysaccharide from Cordyceps gunnii mycelia and its biological
activities, Carbohydr. Polym. 92 (1) (2013) 872–876.
[12] Y. Xu, L. Zhao, L. Wang, S. Xu, Y. Cui, Synthesis of polyaspartic acid–melamine
grafted copolymer and evaluation of its scale inhibition performance and dispersion
capacity for ferric oxide, Desalination 286 (2012) 285–289.
[13] X. Cao,W.G.Harris,M.S. Josan, V.D.Nair, Inhibition of calciumphosphate precipitation
under environmentally-relevant conditions, Sci. Total. Environ. 383 (1-3) (2007)
205–215.
[14] S. Zhang, B. He, J. Ge, C. Zhai, X. Liu, P. Liu, Characterization of chemical composition
of Agaricus brasiliensis polysaccharides and its effect on myocardial SOD activity,
MDA and caspase-3 level in ischemia-reperfusion rats, Int. J. Biol. Macromol. 46
(3) (2010) 363–366.
[15] B. Wang, Chemical characterization and ameliorating effect of polysaccharide
from Chinese jujube on intestine oxidative injury by ischemia and reperfusion,
Int. J. Biol. Macromol. 48 (3) (2011) 386–391.
[16] I. Mateos-Aparicio, C. Mateos-Peinado, A. Jiménez-Escrig, P. Rupérez, Multifunction-
al antioxidant activity of polysaccharide fractions from the soybean by product
okara, Carbohydr. Polym. 82 (2) (2010) 245–250.
[17] Xiaohui Zhou, Yonghong Sun, Yingzhan Wang, Inhibition and dispersion of
polyepoxysuccinate as a scale inhibitor, J. Environ. Sci. 23 (2011) S159–S161.
[18] T.A. Hoang, H.M. Ang, A.L. Rohl, Effects of temperature on the scaling of calcium sul-
phate in pipes, Powder Technol. 179 (1–2) (2007) 31–37.
[19] B. Senthilmurugan, B. Ghosh, S.S. Kundu, M. Haroun, B. Kameshwari, Maleic acid
based scale inhibitors for calcium sulfate scale inhibition in high temperature appli-
cation, J. Pet. Sci. Eng. 75 (2010) 189–195.
[20] D. Liu, W. Dong, F. Li, F. Hui, J. Lédion, Comparative performance of
polyepoxysuccinic acid and polyaspartic acid on scaling inhibition by static
and rapid controlled precipitation methods, Desalination 304 (2012) 1–10.
[21] A.L. Kavitha, T. Vasudevan, H. Gurumallesh Prabu, Evaluation of synthesized
antiscalants for cooling water system application, Desalination 268 (2011) 38–45.
